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The 26-Day Oscillation Observed in the Satellite Sea Surface Temperature 
Measurements in the Equatorial Western Indian Ocean 
PEDRO T. H. TSAI, l JAMES J. O'BRIEN, AND MARK E. LUTHER 2 
Mesoscale Air-Sea Interaction Group, Florida State University, Tallahassee 
A 26-day oscillation in sea surface temperature (SST) data is observed in the western Indian Ocean, 
from 52 ø to 60øE and in the vicinity of the equator. The SST data used in this study are obtained from 
the NOAA 9 satellite and are for the years 1987 and 1988. This fluctuation of SST at a period near 26 
days is found to be antisymmetric about the equator and is trapped within the equatorial waveguide 
(equator _+6ø). The variance associated with this oscillation has a maximum located at about 3 ø 
latitude; furthermore, the variance decreases at a faster rate toward the equator than poleward. These 
characteristics are consistent with the latitudinal structure for the mixed Rossby-gravity (or Yanai) 
waves as predicted from linear wave theory. The temporal variation of this 26-day oscillation is most 
energetic during the summer season (July to September), with maximum values of 0.4øC and 0.8øC 
found during August of 1987 and 1988 respectively. This observation agrees with the temporal 
variation of Yanai waves inferred from drifting buoy observations and numerical studies of the Indian 
Ocean. Thus we conclude that the Yanai wave is responsible for the 26-day fluctuation observed in the 
SST data in this region. 
1. INTRODUCTION 
The investigation of equatorially trapped waves has been 
an active area of ongoing study in the last two and a half 
decades. This is, in part, because these waves are of major 
importance in the problem of equatorial ocean adjustment to 
unsteady wind forcing. On the basis of the dispersion rela- 
tions derived from the linear wave theory, these waves are 
classified as the Kelvin wave, the Rossby wave, the inertia- 
gravity wave, and the mixed Rossby-gravity wave (or Yanai 
wave) [Moore and Philander, 1977]. Evidence for these 
waves have been observed in satellite measurements of sea 
surface temperature [Legeckis, 1977], in sea level records 
from islands in the equatorial Pacific Ocean [Wunsch and 
Gill, 1976], in data from moored current meters [Knox and 
Halpern, 1982], and in many other studies. 
Among the various types of equatorially trapped waves, 
the Yanai wave is unusual because it has no counterpart at 
higher latitudes. The Yanai wave and the Kelvin wave arise 
because the Coriolis acceleration changes sign at the equa- 
tor. In the Indian Ocean the Yanai wave was first observed 
by Luyten and Roemmich [1982]. They examined current 
measurements in the western equatorial Indian Ocean at 
55øE longitude and found a prominent 26-day oscillation in 
the record of the meridional velocity in the upper 200 m. 
Interestingly, no corresponding peak near the same period is 
found in the spectrum of the zonal velocity. The zonal 
wavelength of this oscillation is estimated to be approxi- 
-1 
mately 800-1000 km, with meridional velocity of 0.15 rn s 
to 0.3 rn s-•. In addition, this oscillation exhibits a westward 
phase propagation, with eastward and downward energy 
propagation. These characteristics suggest that the 26-day 
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oscillations which they found are a result of propagating 
Yanai waves. In a later investigation, Reverdin and Luyten 
[1986] examined the data obtained from drifting buoys that 
were released along the equator in the western Indian Ocean 
between 50øE and 60øE from 1979 to 1982. They concluded 
that the meandering behavior exhibited by the drifting buoys 
was associated with the motions of the Yanai waves. 
A possible source of these 26-day Yanai waves is the 
western boundary [Kindle and Thompson, 1989; Moore and 
McCreary, 1990; Woodberry et al., 1989]. Using a linear, 
continuously stratified model, Moore and McCreary have 
shown that application of a periodic wind stress along a 
slanted coastline (like that of the Indian Ocean) excites 
equatorially trapped waves. By varying the frequency of the 
oscillating wind forcing along the western boundary, differ- 
ent equatorially trapped waves are generated. For example, 
for a 30-day period, only the Yanai wave and the Kelvin 
wave are excited, whereas for a 60-day period, Rossby 
waves are also excited. 
A different generating mechanism is described by Kindle 
and Thompson [1989]. They use a nonlinear, reduced gravity 
model with a realistic geometry of the Indian Ocean basin. 
This model is forced with climatological monthly mean 
winds of Hellerman and Rosenstein [1983]. Yanai waves 
with a period of 26 days were observed in their model 
simulations: the model shows that these waves are formed 
within 1400 km of the western boundary, with the initial 
group of wave packets generated during late July-August. 
Kindle and Thompson [1989, p. 4730] attributed the genera- 
tion of these 26-day Yanai waves to "instability associated 
with the circulation of the southern gyre during the latter 
stages of the southwest monsoon." 
Yanai waves were also found in the Indian Ocean model- 
ing by Woodberry et al. [1989]. In the time versus longitude 
plot of meridional transport across the equator [Woodberry 
et al., 1989], packets of wave energy with westward phase 
speed (about 0.2 rn s-l), and eastward group propagation 
(about 0.24 rn s-•), can be seen emanating from the western 
boundary region. These waves have a period of 28 days and 
are interpreted as Yanai waves. The strongest and most 
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coherent signals of these waves are seen in the region 
between 50øE and 65øE, during July, August and September. 
The results from both the numerical simulations and from 
observations support the existence of the Yanai wave in the 
western Indian Ocean. This is the main motivation for our 
study of the satellite-derived sea surface temperature (SST) 
measurements in this region. In the present analysis, we are 
interested in detecting the signal of the equatorially trapped 
waves in the fluctuation of SST data. For example, a 
downwelling Kelvin wave traveling along the equator will 
depress the thermocline; consequently, the mixed layer 
becomes deeper and an anomalously warm surface water is 
formed. Hence changes in SST are indicative of vertical 
motions of the thermocline, which in turn can be related to 
the motion of propagating internal waves. 
A simple linear wave model is used in this study to explain 
the observed fluctuation in the SST data. It should be 
pointed out that fluctuations in the SST involve both dy- 
namic and thermodynamic processes. Our linear model is a 
purely dynamical model and does not include effects such as 
evaporative cooling, mixing, etc. The purpose here is not to 
explain all the physics affecting the SST, but rather to show 
that a part of the fluctuations in the SST data is caused by the 
equatorially trapped waves. 
In the next section, a description of the large-scale circu- 
lation pattern in the western Indian Ocean as revealed from 
the satellite SST imagery is given. In section 3, characteris- 
tics of the equatorially trapped waves are discussed in the 
context of linear wave theory. In section 4 we will show that 
26-day oscillation found in the SST data can be attributed to 
the Yanai wave. The seasonal and interannual variability of 
this wave are also investigated. In the last section we will 
summarize and discuss the results. 
2. DATA 
2.1. Source 
The data used for this study are the multichannel sea 
surface temperature (MCSST) obtained from the advanced 
very high resolution radiometer (AVHRR) carried on board 
the NOAA 9 satellite. In the MCSST method, radiation 
emitted from the sea surface in the visible and several 
infrared (IR) regions is measured (AVHRR scans five fre- 
quency bands: visible, 0.58-0.68/.rm; visible/near IR, 0.725- 
1.1 /.rm; short-wavelength IR, 3.55-3.93 /.rm; and two long- 
wavelength IR bands, 10.3-11.3/.rm and 11.5-12.5/.rm). By 
comparing the measurements from different channels, tests 
can be made to detect presence of clouds and determine 
atmospheric attenuation (see McMillin and Crosby [1984] for 
a complete discussion on this method). This enables the raw 
data to be screened for clouds, and only the remaining 
measurements, corrected for atmospheric effects, were used 
in the final production of SST fields. Global statistical 
measure of MCSST data relative to drifting buoys yielded 
consistent biases (buoy minus satellite) near -0.1øC [Mc- 
Clain et al., 1985]. A total of 730 data sets were available, 
one for each day of 1987 and 1988. For each data set, the 
temperature resolution is 0.125øC and the spatial resolution 
is about 55 km (half a degree) in both latitude and longitude. 
2.2. Observation 
A chronological description of MCSST data and circula- 
tion features revealed from the data is given in this section. 
Our emphasis will be on the western Indian Ocean basin and 
east African coast, since it is here that the most energetic, 
time-varying current is found, i.e., the Somali Current and 
its seasonal reversal in response to the summer and winter 
monsoons. This region is also where the spatial and temporal 
changes in SST are the most dramatic. 
Beginning with the winter monsoon of 1987 (Plate 1), a 
cold tongue of surface water, with temperatures between 
23øC and 26øC, can be seen extending southwestward from 
the northern Arabian Sea/Gulf of Oman to the Somalia coast. 
The coldest water (23øC) is found along the coast of Pakistan 
from its border with Iran to its border with India. East and 
south of this cold tongue, the SST gradually increases with 
warmest water (SST • 29øC) found near the southwest coast 
of India and in the vicinity of the Maldive Islands. The cold 
SST along the coast of Oman and in the northern Arabian 
Sea during the winter monsoon is a result of evaporative 
cooling from the flow of cold continental air over water and 
is further enhanced by the entrainment of subsurface water 
by turbulence generated by surface cooling [McCreary and 
Kundu, 1989]. 
From late February to April this cold tongue gradually 
weakens and moves northward and is replaced by a belt of 
warm surface water with temperatures between 28øC and 
31øC. By late April-early May, during the transition from 
winter monsoon to summer monsoon, the 29øC and warmer 
SST can be seen over most of the Indian Ocean basin and the 
Arabian Sea (Plate 2). 
Around the beginning of June (Plate 3), the area of above 
29øC water recedes eastward and northward. Along the 
Somali coast, cold pockets of surface water can be seen 
between the equator and the horn of Africa. The formation 
of these cold pockets can be attributed to the coastal 
upwelling. This coastal upwelling is a result of the Ekman 
transport of surface water away from the coast in response 
to the southwesterly winds [Schott, 1983; Swallow et al., 
1983; Knox, 1987]. By late June (Plate 4) and early July 
(Plate 5), with the onset of the summer monsoon well 
underway, the intrusion of the upwelled cold water (charac- 
terized by temperature of approximately 26øC) into the 
interior of the western Indian Ocean basin can be seen in 
both Plates 4 and 5, in the form of two cold wedges extending 
offshore from the Somali coast in the vicinity of 5øN and 
10øN. These cold wedges appear with regularity and at about 
the same locations from June to August in the satellite SST 
imagery. 
The appearance of these cold wedges can be associated 
with the formation of the Great Whirl and the southern gyre 
[see Brown et al., 1980; Evans and Brown, 1981; Bruce, 
1979]. As the Somali Current flows northward along the 
African coast in response to the southwest monsoon, at 
certain locations some part of this current branches off and 
flows away from the coast to form recirculation regions, or 
eddies [Leetmaa et al., 1982]. These branching off points can 
be seen in the satellite SST imagery as advection of cold 
coastal surface water offshore. The cold wedge near 5øN is 
one of these offshore flows. It forms the boundary that 
separates the recirculation region to the south, i.e., the 
southern gyre, from the one to the north known as the Great 
Whirl. The other cold wedge near 10øN and just south of the 
island of Socotra, seen in Plate 4 and Plate 5, defines the 
northern wall of the Great Whirl. 
By late August the boundary between the southern gyre 
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Plate 1. Satellite SST imagery for January 24, 1987. Red color indicates warm SST and blue color, cold SST. The 
color scale corresponds to temperatures ranging from 16øC to 30øC, with increments of 0.5øC. The spatial resolution is 
half of a degree in both latitude and longitude. 
and the Great Whirl has become less well defined. Another 
area of intense upwelling can be seen along the coast of 
Oman (from 10 ø to 20øN) and between 52 ø and 60øE of the 
northern Arabian Sea (Plate 6). The upwelling of cold water 
in this region is attributed to the positive wind stress curl 
associated with the summer monsoon. This mechanism is 
different from the one along the Somali coast. The upwelling 
activity in this region appears to be most vigorous during the 
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Plate 2. Satellite SST imagery for May 12, 1987. 
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Plate 3. Satellite SST imagery for June 1 l, 1987. 
height of the summer monsoon, as subsequent satellite 
imagery shows a rapid warming trend after August. This 
tendency can also be observed in the Climatic Atlas of the 
Indian Ocean [Hastenrath and Lamb, 1979]. 
By September (Plate 7), the north wall of the Great Whirl 
is still visible; however, the cold wedge to the south is no 
longer resolved in the satellite imagery. This seems to 
indicate the northward migration of the southern gyre and its 
subsequent merging with the Great Whirl. The coalescence 
of the Great Whirl and the southern gyre during the late stage 
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Plate 4. Satellite SST imagery for June 23, 1987. 
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Plate 5. Satellite SST imagery for July 12, 1987. 
of summer monsoon has been simulated in the Indian Ocean 
model by Luther et al. [1985]. This phenomenon is thought 
to be triggered by the weakening of the westerly component 
of the near-equatorial wind stress. 
From late September to November, warm surface water 
rapidly replaces the cold upwelling along the Somali coast. 
This trend persists until early December when the cooling 
associated with the northeast monsoon begins to take effect, 
starting with formation of cold SST near Gulf of Oman which 
then propagates southwestward. 
MCSST DATA FOR 
'ON 
25N m.. 
•ON 
15N 
ION ' ' 
SN 
m m . 
55 
ß 
lOS I',[ [55 ,,, 
ß 
205 . 
255 . 
•OS 30•E 
19;57 i:lU6 29 02Z HRS 
ztOE 50E 60E ?OE 80E 90E 100E [ 10E 120E 
t6.O 17.0 18.0 L9.0 20.0 2t.O 22.0 23.0 2q.O 25.0 26.0 27.0 28.0 29.0 30.0 
TEMPERRTURE {BEG El 
Plate 6. Satellite SST imagery for August 29, 1987. 
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Plate 7. Satellite SST imagery for September 29, 1987. 
A similar pattern is revealed in satellite SST imagery for 
1988. However, one major difference appears to be the 
strength of coastal upwelling and the eddy activities during 
summer. Plate 8 shows the SST imagery for August of 1988. 
Comparing this with the 1987 data of same time frame, we 
see that in addition to the two cold wedges described earlier, 
a third wedge can also be seen to emanate from the east 
African coast near the equator. This third cold wedge seems 
to indicate the formation of a large recirculation region in the 
Somali current near the equator, and appears to be a part of 
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Plate 8. Satellite SST imagery for August 29, 1988. 
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the three gyre systems described by Luther et al. [1985]. The 
size of the upwelling region along the Somali coast also 
appears to be more extensive in 1988 than in 1987. 
3. LINEAR WAVE THEORY 
Solutions to the linear wave theory have been studied by 
many authors [e.g., Matsuno, 1966; Moore, 1968; Moore 
and Philander, 1977; Wunsch and Gill, 1976]. Here we will 
summarize the results from a linear, inviscid, l•-layer ocean 
model on an equatorial /3 plane. We assume no forcing 
because we are interested in free wave solutions. The 
momentum equations and conservation of mass equation are 
(in nondimensional form): 
ut- yv = -h x 
v t + yu = -hy 
h t + u x + Vy = 0 
where h is the deviation of the upper layer depth from its 
unperturbed depth, y is the distance from the equator 
(positive northward and negative southward), and x is dis- 
tance in the east-west direction (increasing toward the east); 
u is the zonal velocity; and v is the meridional velocity. 
Four types of waves are found. One of them, the inertia- 
gravity wave, is a high-frequency gravity wave. It has a 
typical period of a week or less. Since we are interested in 
detecting sea surface temperature oscillations that have 
periods greater than 2 weeks, the inertia-gravity wave is 
therefore ignored in the subsequent discussion. A descrip- 
tion follows of the remaining types of waves found, namely, 
the Kelvin wave, Yanai wave, and Rossby wave, with 
emphasis placed on the Yanai wave. 
3.1. Kelvin Wave 
Kelvin waves are nondispersive and have structures that 
are highly coherent over a large zonal distance within the 
equatorial waveguide (equator _+ 300 km) [Luther, 1980]. 
Fluid velocities and height field are given by (in nondimen- 
sional form): 
v--0 
u = h = F(x- t) exp (-y2/2) 
with dispersion relation w = K and group and phase velocity 
C a = Cp = 1. 
Kelvin waves have been observed to travel a long distance 
along the equator while keeping approximately the same 
waveform, as may be expected given their nondispersive 
nature [Knox and Halperu, 1982]. Hurlburr et al. [1976] 
showed that Kelvin waves are generated by the abrupt 
change in the zonal wind forcing. For example, in the 
equatorial Pacific Ocean, these waves are excited by a 
sudden relaxation or increase of trade winds. Kelvin waves 
have a symmetric structure about the equator. In addition, 
because of the requirement of geostrophic balance in the y 
direction, Kelvin waves can only propagate eastward, with 
typical phase speeds in the oceans being of the order of 
2.0-3.0 m s -1 . Unlike other equatorial waves, Kelvin waves 
do not have to be periodic. They can take the form of an 
impulse function or a disturbance in the equatorial 
waveguide. 
3.2. Yanai Wave 
Yanai waves behave like Kelvin waves at high frequency 
and like short Rossby waves at low frequency. The struc- 
tures of Yanai waves are given by 
v = exp i w - x - iwt (p 1/2) 1/2 
iw [(wl___) ] exp (-y2/2)2y u=h=2--i•exp i w- x - iwt (2pl/2)1/2 
with the dispersion relation K = co - (I/w) and group and 
phase velocity given by 
2 2 
Ca - 2 Cp - 2 
co +1 co -1 
The group velocity of the Yanai wave is always positive 
(wave energy propagates eastward), but the phase can travel 
east or west depending on the frequency. Unlike the Kelvin 
wave, the Yanai wave is antisymmetric about the equator. 
The height field of the Yanai waves (Plate 9) is characterized 
by a series of opposite highs and lows across the equator. 
This height field (or pressure field) generates flows across the 
equator which alternate in direction from northbound to south- 
bound every half a zonal wavelength. The meridional extent of 
this meandering flow is strongly trapped to within two Rossby 
deformation radii of the equator. At the equator the meridional 
velocity is at a maximum while zonal velocity is zero. 
In the Indian Ocean, Yanai waves with a period of 30 days 
have a typical zonal wavelength of about 800 km, meridional 
velocity of 0.1 m s -1 to 0.3 m s -1 and latitudinal trapping 
scale of about 750 km from the equator [Moore and Mc- 
Creary, 1990]. In addition, fluctuation of 15 m and more in 
the thermocline depth and changes in SST of about IøC 
associated with the activity of the Yanai waves have been 
observed in data obtained by drifting buoys [Reverdin and 
Luyten, 1986]. 
The highs and lows of the height field in Plate 9 can be 
related to warm and cold sea surface temperatures. A high 
(low) means thicker (shallower) mixed layer due to conver- 
gence (divergence) of water. In the area where convergence 
(divergence) occurs, the thermocline becomes deeper (shal- 
lower) and as a result SST is warmer (colder). Thus it is 
possible to detect these waves by examining the SST data 
provided that changes in SST due to convergence/ 
divergence are sufficiently large compared with the back- 
ground noise. 
3.3. Rossby Wave 
Rossby waves are the low-frequency planetary waves. 
They have the same u, v, and h as the inertia-gravity waves 
(see appendix) but with the dispersion relation, group veloc- 
ity, and phase velocity given by 
g +(2m+ 1) 
2 (2m+ 1) 
Ca = (t• 2 + (2m +1)) 2 
Cp • 
-1 
2 K +(2m+ 1) 
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Plate 9. Plot of the velocity and height fields for the freely propagating Yanai wave packets. The unit for the 
horizontal scale is one zonal wavelength, and for the meridional scale is one Rossby deformation radius, (c//3) 
For a given horizontal mode m, C a is negative (westward 
energy propagation) for < (2m + 1) 1/2 and positive 
(eastward energy propagation) for I KI > (2m + 1)•/2. The 
former is called the long Rossby wave, while the latter is 
known as the short Rossby wave. The phase propagation of 
the Rossby wave is always westward. The latitudinal struc- 
tures of Rossby wave are described by the Hermite function; 
thus for even m the Rossby waves are antisymmetric about 
the equator, and for odd m they are symmetric about the 
equator. 
To obtain dimensional quantities, we multiply nondimen- 
sional quantities with scaling factors (prime denotes nondi- 
mensional parameters) 
(x, y)= (c/•)'/2(x ', y') 
(u v, Ca, C.) c(u v' ' C•o) , -- ,, , C a, 
w = 
k = (•/c)•/2k' 
t • 
1 
(•c) ,/2 t' 
h = Hoh' 
where c is the characteristic speed, and the parameter/• is 
chosen to be 2.3 x 10-11 m- • s - 1 for the equatorial region. 
The characteristic speed c is determined by the stratification 
of the ocean. In the Indian Ocean, a typical vertical density 
profile yields a characteristic speed (for second baroclinic 
mode) of about 1.67 m s -1 [Moore and McCreary, 1990]. A 
simple calculation shows that (/•c)1/2 = 0.54 day -1 and 
(/•/c) •/2 = 1/270 km. Using these scaling parameters, we see 
from the dispersion diagram (Figure 1), that Rossby waves 
have periods of about 40 days and more and that inertia- 
gravity waves have periods of approximately 7 days and 
less. Hence for periods between 1 and 6 weeks, we expect to 
find only the Yanai and the Kelvin waves. 
4 
- -- PERIOD: 40 DAYS 
I RO.q.•l:? mxr• I •4 = ? I I 
WAVE NUMBER 
Fig. l. Dispersion diagram for the equatorial trapped waves. 
The horizontal-axis is the wave number K, with unit of 1/Rossby 
1/2 deformation radius, i.e., (B/c) . The vertical-axis is the frequency 
1/2 1 
•o, with unit of (/3c) . For c (Kelvin wave speed) = 1.67 m s- 
11 1 1 [Moore and McCreary, 1990] and/3 = 2.3 x 10- m- s- , then 
1/2 1 (/3/c) 1/2 = 1/270 km and (/3c) -- 0.54 day- . From the disper- 
sion diagram, we expect to find only the Yanai and the Kelvin waves 
for periods between I and 6 weeks. 
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4. RESULTS 100 
4.1. The 26-Day Oscillation in the Equatorial Waveguide •' 
ß 10 From the linear wave theory, equatorial-trapped waves = = 
such as Yanai wave and even-mode Rossby wave have .• - 
height fields that are antisymmetric about the equator; •o ' 
Kelvin wave and the odd-mode Rossby waves have symmet- : =.- 
ric structures. We expect SST data to contain both symmet- o : 
ric and antisymmetric pieces. Let T be the surface temper- m . 
ature, then we can decompose T(x, y, t) into two parts: • o.1 -• 
p - 
r(x, y, t)+ r(x, -y, t) • . 
-- ß T(x, y, t) 2 a.O.Ol 
T(x, y, t)- T(x, --y, t) 
The first part is symmetric, and the second is antisymmetric 
about the equator. Prior to computing the Fourier transform, 
we calculate the symmetric and antisymmetric parts. From 
the latitudinal structure of the Yanai wave (Figure 2), the 
maximum h(x, y, t) occurs at one Rossby deformation 
radius from the equator. For c -- 1.67 m s -• and/3 = 2.3 x 
10 -• m -• s -• this distance is approximately 270 km or 
about 3ø; for the Kelvin wave, the maximum value of h(x, y, 
t) occurs at the equator. Hence to isolate the Yanai wave, 
we study the antisymmetric part where y = 3øN and -y = 
3øS. This is done for the entire record, i.e., 2 years' data, and 
yields a new time series containing only antisymmetric 
information. 
Similarly, we can also calculate the symmetric part. The 
time mean is removed from both parts of the time series at 
each spatial location. 
The spectrum of antisymmetric component of SST data 
(Figure 3a) has been smoothed recursively using a hanning 
filter, with 11.4 degrees of freedom for each smoothed 
spectral estimate. A significant peak with a period centered 
near 26 days is evident. If we plot the spectrum in a 
variance-preserving form (Figure 3b), the sum of the area 
under the curve is equal to the total variance of the data. 
This plot clearly shows an energetic oscillation centered at 
AMPLITUDE 
V 
U, h 
• . 
-4 
-0.2p. 
••-- ß 5- UNIT: ROSSBY DEFOl%MATION RADIUS 
Fig. 2. Plot of the latitudinal structure of the Yanai wave. The 
scale on the horizontal axis is one Rossby deformation radius. We 
see that the maximum meridional velocity v occurs at the equator, 
whereas the maximum height field h and zonal velocity u occur at 
one Rossby deformation radius from the equator. 
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Fig. 3. (a) Spectrum of the antisymmetric component of SST 
data at 3øN and 56øE. (b) Variance-preserving spectrum of the 
antisymmetric component of SST data at the same location as in 
Figure 3a. 
the 26-day period. When compared with the spectrum of the 
symmetric component of SST data at the same location 
(Figure 4a), no significant peak is evident between frequen- 
cies of 0.03 to 0.05 cycles per day (33-day to 20-day period). 
The variance-preserving energy spectrum of symmetric 
component (Figure 4b) shows that the most energetic oscil- 
lations have periods longer than 100 days, and relatively 
little energy is found in the frequency band of 0.03 to 0.05 
cycles per day. This leads us to conclude that the fluctuation 
of the SST centered near the 26-day period is due predomi- 
nantly to antisymmetric waves. 
From the plot of the latitudinal structure of the Yanai 
wave (Figure 2), we see that the maximum h displacement 
occurs near 3 ø latitude and decreases poleward and toward 
the equator. We computed the spectrum for the antisymmet- 
ric part of SST at 5 ø and 1 ø to find out whether this 26-day 
oscillation shows a similar latitudinal dependence. The cal- 
culation shows that the variance near the 25-day period at 5 ø 
(Figure 5) is about 68% of the variance at 3 ø with approxi- 
mately the same period. The spectrum of the SST at 1 ø 
(Figure 6) also shows a peak near 26 days. The variance 
associated with this frequency is about 29% of the variance 
at 3 ø with the same frequency. This result agrees well with 
the theory. The energy of the 26-day oscillation decreases 
both north and south from 3 ø and decreases at a faster rate 
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Fig. 4. (a) Spectrum of the symmetric component of SST data 
at 3øN and 56øE. (b) Variance-preserving spectrum of the symmetric 
component of SST at the same location as in Figure 4a. 
toward the equator than poleward, which is consistent with 
the latitudinal structure of the Yanai wave (Figure 2). 
In order to test further the latitudinal dependence of this 
26-day oscillation, we assume that changes in height field 
h(x, y, t) are coherent with changes in the SST. We can 
compute the available potential energy Epo t of Yanai wave 
as a function of latitude. This is done by taking the average 
of the square of the height field h(x, y, t): 
0.3 
•' i i i i i i ii I , i i i i i i i 
Fig. 6. Variance-preserving spectrum of the antisymmetric com- 
b 0.3 ponent of SST data at IøN and 56øE. 
0.25 
Epo t -- • 
0.2 
0.3 
0.25 
0.2 
0.15 
0.1 
0.05 
0.25 
O•i 
o 
c• o.15 
tO o.1 
._ 
m 0.05 
> 
o o 
o.ool O.Ol 
frequency (cycles per day) 
Fig. 5. Variance-preserving spectrum of the antisymmetric com- 
ponent of SST data at 5øN and 56øE. 
dx dt 
Since we are integrating over one complete zonal wave- 
length and a period, the integral involving cosine term is then 
zero; thus 
11 1 
E pøt --4 T X ½ ]2(y) dx dt = 7½ ]2(y) 
The circles in Figure 7 represent the variance accounted 
for by the 26-day oscillation in the antisymmetric component 
of the SST data from 1 ø to 5 ø latitude. The result shows that 
the latitudinal structure of the 26-day oscillation agrees quite 
well with that of the Yanai wave. 
1.2 
0.8 
I:::: 0.6 
0.4 
0.2 
3 6 9 
1.2 
0.8 
0.6 
0.4 
0.2 
latitude (degree) 
Fig. 7. Plot of the available potential energy of Yanai wave as 
predicted from the linear wave theory (solid line), and the observed 
variances (circles) of the 26-day oscillation in the antisymmetric 
component of SST data, both as a function of the latitude and with 
maximum values normalized to 1. 
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Fig. 8. Contour plot of the energy spectrum for the antisymmetric component of SST data at 3 ø latitude, from 46 ø 
to 96øE. The contour levels represent the variances, and the horizontal and vertical axes represent the longitude and 
frequency (period), respectively. The contour levels have been scaled so the values of variance are between 200 to 800, 
with each contour level representing an increment of 100. 
In summary, we have shown that there is a preferred 
oscillation in the SST data with a period of about 25-27 days. 
This oscillation is antisymmetric about the equator. From 
the dispersion diagram (Figure 1) and using scaling parame- 
ters typical of the Indian Ocean, i.e., c - 1.67 m s -• [Moore 
and McCreary, 1990] and/3 - 2.3 x 10 -• m -• s -• we see 
that the only possible antisymmetric wave between periods 
of 7 and 40 days is the Yanai wave. It is also unlikely that this 
25- to 27-day oscillation is a result of direct atmospheric 
forcing, since the dominant periods of atmospheric oscilla- 
tion in the equatorial region is of 40 to 60 days [Mertz and 
Mysak, 1984; Madden and Julian, 1972]. Finally, the variance 
associated with this 25-27 days' oscillation has a latitudinal 
dependence that closely resembles the potential energy of the 
Yanai wave calculated from linear wave theory. All these 
results strongly suggest hat the Yanai wave is responsible for 
the 25- to 27-day oscillation observed in the SST data. 
4.2. Zonal Variation 
In this section the zonal structure of the 26-day oscilla- 
tions is investigated. The energy spectrum of the antisym- 
metric component of the SST data is computed at every half 
degree longitude increment from 46 ø to 96øE, with the 
latitude fixed at 3 ø. The variances of the contours in Figure 8 
are smoothed in the zonal direction with two passes of a 
Hanning filter (0.25, 0.5, 0.25). 
The result (Figure 8) shows that in the western Indian 
Ocean, between longitudes 52 ø and 60øE, a region of strong 
spectral energy occurs between 23 and 33 days, with a peak 
centered near 26 days. This pocket of energy is associated 
with the 26-day Yanai wave previously mentioned. Another 
feature that stands out is the low-frequency energy (denoted 
by the variability with periods longer than 100 days) which 
can be seen to dominate across the western basin, with 
highest values found near the boundary with the coast of 
Africa. In the Bay of Bengal (75 ø to 95øE), this low-frequency 
energy is nowhere as dominant. This indicates that the 
annual and seasonal signals in the SST data, which contrib- 
ute to the low-frequency variability, are more energetic in 
the western Indian Ocean, especially near the western 
boundary, than in the Bay of Bengal. This is consistent with 
the observation that monsoons in the western Indian Ocean 
are much stronger than the monsoons in the Bay of Bengal. 
Numerical modeling results from Woodberry et al. [1989] 
indicate that the strongest signals of the Yanai waves are 
found between 50 ø and 60øE. From our data, it appears that 
the 26-day oscillation in SST data occurs only in the western 
Indian Ocean from 52 ø to 60øE. Farther away from the 
western boundary, this signal is not seen. This is reasonable 
because we expect other physical effects such as dissipation 
and advection and interference with the land barrier (Mal- 
dive Islands) to weaken the signal of this 26-day oscillation 
as it propagates eastwards away from the western boundary. 
4.3. Temporal Variation of the 26-day Oscillation in the 
SST 
In this section the seasonal and interannual variability of 
the 26-day Yanai wave are investigated. The complex de- 
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Fig. 9. Time series of the antisymmetric component of SST for 
1987 and 1988 with AT -- 1 day, at location 3øN and 56øE. 
modulation method is performed on the SST data at 3 ø 
latitude and $6øE to obtain information on the time varying 
amplitude of this wave. This technique consists of multiply- 
ing the time series of the antisymmetric component of SST 
data (Figure 9) with 2i exp (i2rrfot), where f0 is the 
frequency of the Yanai wave (f0 = 1/26 days). The resulting 
complex time series is then low-pass filtered. The frequency 
response function of the low-pass filter used has a bandwidth 
of 0 -+ $. 1 Af at the half power point (Af is given by 1/total 
length of the time series, in our case, Af = 1/730 days). 
The resulting record (Figure 10) covers a time span of 
almost 2 years, with the beginning and the last 50 days of the 
time series lost as a result of the low-pass filtering. The plot 
represents the amplitude of the SST fluctuation caused by 
the 25- to 27-day oscillation as a function of time. On the 
average this amplitude is about 0.2øC. We will choose this 
value as the level of the background noise in the data. Figure 
10 shows that amplitude of this 25- to 27-day oscillation in 
the sea surface temperature data is the largest during the 
summer monsoon (July, August, and September), with val- 
ues of 0.4 ø and 0.8øC found in August of 1987 and 1988 
respectively. For most of the winter monsoon, this ampli- 
tude drops below the noise level (January to March 1988), 
with the only exceptions being the two smaller peaks of 
1 •. AUG 14-16 .•1 
. 0.8 0.8 
• 0.6 0.6 
• AUG 30-31 
'• 0.4 0.4 
, A A 
JAN APR JUL OCT JAN APR JUL OCT 
1987 1988 
Fig. 10. Plot of the complex demodulated SST time series at 
location 3 ø latitude and 56øE. It represents the time-varying ampli- 
tude of the 26-day fluctuation in sea surface temperature measure- 
ment over a 2-year period. This amplitude is the largest during the 
summer, with the maximum value occurring in August. 
approximately 0.25øC observed in December 1987 and April 
1988. During the transitional periods between summer and 
winter monsoon, i.e., from March to May and from late 
October to November 1987, and then again from May to 
June 1988, amplitudes of this 26-day oscillation are also 
below the noise level. 
Although the length of SST time series used in this study 
is not long enough to adequately assess the recurrence of the 
same feature in the seasonal cycle and the effect of the 
interannual variability, some of the features are nevertheless 
well defined. These variabilities can be summarized in the 
following: the activity of the 26-day Yanai wave observed at 
3 ø latitude and 56øE is the strongest during the summer 
(July-September) of both years, very weak and sometimes 
not observed in late winter/spring months (January-March), 
and virtually not detected at all during the transitional 
months between monsoons (May-June and October- 
November). (At the time when this analysis was done, only 
2 years of SST data were available to the authors. As more 
SST data become available, it will be of interest to see if 
temporal variabilities observed in the present study also 
exist in longer time series.) 
Reverdin and Luyten [ 1986] investigated the data obtained 
from the drifting buoys that were released along the equator 
in the western Indian Ocean between 50øE and 60øE from 
1979 to 1982. It was found that these buoys exhibited 
meridional oscillatory motions at a period close to 25 days 
while drifting eastward, with meridional displacement of 
->300 km and meridional velocity of 0.8 m s -] . During the 
same time, fluctuations in the mixed layer depth of more 
than 15 m at a period of 25 days as well as SST changes of 
-< IøC were also observed. Other characteristics associated 
with this meandering motion are that energy in the meridi- 
onal velocity component significantly exceeds the energy in 
the zonal velocity, the phase difference between u and v is 
one-half period, and lagged correlation suggests that these 
meanders are moving westward with a phase speed of 40 + 
15 cm s-]. All these characteristics suggest that the oscilla- 
tory motions observed in drifting buoys are a result of Yanai 
waves. An interesting observation made by Reverdin and 
Luyten [1986] on these 25-day meanders was that they were 
found only during August-September of 1979, 1980, and 
1981. After October the meandering still persisted but at a 
small amplitude and at a period of about 12 days. No 
meandering was found from January to March. Since our 
data are for 1987 and 1988, direct comparisons are not 
possible. However, the dominant features of the seasonal 
variability found in the data, namely, the strong 26-day 
oscillations during July-September, little or no oscillation in 
October-November and also from January to March, are 
quite consistent with their findings. 
In the model simulation of the Indian Ocean by Kindle and 
Thompson [1989], intense 26-day Yanai wave packets are 
initially formed within 1400 km of the western boundary 
during July. Subsequently, these wave packets propagate 
eastward, with group speed of 0.24 to 0.46 m s -•, and 
become evident near 55øE in August. During the northeast 
monsoon, from November to March, the Yanai waves are 
not as intense as those generated during the summer mon- 
soon, nor do they propagated as far eastward. In the model 
simulation by Woodberry et al. [1989], Yanai wave packets 
can also be seen emanating from the western boundary 
region on the time versus longitude plot of meridional 
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transport across the equator. These waves have a period of 
28 days with a westward phase propagation and an eastward 
group velocity. The strongest and most coherent signals of 
these Yanai wave packets are seen in the region between 50 ø 
and 65øE, from July to September. Thus, the observed 
temporal variations from the SST data are consistent with 
the modeling results of the Indian Ocean. 
5. SUMMARY AND CONCLUSIONS 
A 26-day oscillation was observed in the SST data ob- 
tained from the NOAA 9 satellite. The signal of this oscilla- 
tion is trapped within 6 ø latitude of the equator and between 
52 ø and 60øE. The structure of this oscillation is found to be 
antisymmetric. The variance associated with this 26-day 
oscillation is a maximum at a distance about 3 ø latitude from 
the equator. This variance decreases away from 3 ø at a faster 
rate toward the equator than toward the poles. By assuming 
a coherent relationship between the fluctuations in the SST 
and the changes in the mixed layer thickness, we have 
shown that the variance accounted for by this 26-day oscil- 
lation exhibits a latitudinal structure that is very similar to 
that of the available potential energy of the Yanai wave as 
predicted by the linear wave theory. The location where 
these 26-day oscillations are observed in the SST data is also 
near the location where Luyten and Roemmich [1982] found 
the 26-day oscillation in the meridional velocity in the upper 
200 m. 
The amplitude of this 26-day oscillation in the SST data is 
found to be the largest during the summer season (July to 
September), with a maximum amplitude of 0.4øC in August 
of 1987 and 0.8øC in August of 1988. This observation is 
consistent with the temporal variability of the Yanai wave as 
seen in the modeling results of the Indian Ocean by Kindle 
and Thompson [1989] and by Woodberry et al. [1989]. 
Furthermore, it is also consistent with the strong 25-day 
meridional meanders observed in the drifting buoys during 
the summer seasons, which is believed to be a result of 
Yanai waves [Reverdin and Luyten, 1986]. 
These characteristics described above, namely, the ob- 
served temporal variation, the latitudinal structure, the 25- 
to 27-day period, and the location, strongly suggest that this 
oscillation in the SST data is due to the motion of Yanai 
waves. 
One interesting question is why the period of this Yanai 
wave is 26 days. In the linear, continuously stratified model 
used by Moore and McCreary [1990], Yanai waves with a 
period of 30 days are generated when the model is forced 
with a oscillatory wind stress of the same period. However 
in both numerical simulations of the Indian Ocean, by Kindle 
and Thompson [1989], and by Luther and O'Brien [Wood- 
berry et al., 1989], monthly wind stress is used to force the 
models. The shortest resolvable period in the wind fields in 
both models is 60 days; nevertheless Yanai waves with 
periods of 26--28 days are observed. This suggests that the 
period of Yanai waves is an oceanic response and is not 
directly due to atmospheric forcing at a 26-day period. The 
exact nature of this oceanic response is an area for future 
investigation. 
APPENDIX 
The u, v, and h of the inertia-gravity waves and the 
Rossby waves are given by the following, with subscript m 
representing the different horizontal modes: 
V m = exp (iKX -- iwt)Ym(y ) 
i [ U m =• exp (iKx -- irot) (2m)1/2y m 
[2(m + 1)]l/2y m + 1 
+ 
(.O m K 
m=1,2,3,... 
h =• exp (igx-iwt) [2(m+ 1)]l/2y rn •o-k (2m) 1/2ym_ 1 K+W 
where Y m(Y) is the Hermite function given by 
exp (-y2/2)Hm(y) 
Ym(Y) = (2mm!rcl/2) l/2 m = O, 1, 2, 3,''' 
and where Hm(y), the Hermite polynomials, are given by 
H 0 = 1, H1 = 2y, H 2 = 4y 2- 2, H 3 = 8y 3 - 12y, ..- 
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